■■ 



Research and Development I iboratoi 

of lli« 
1'oitl.iiHl Omrnt Association 



RESEAR4 II DEPARTMEN 

Bulletin 99 



llir I se of \ir-linlraiiiiii<' \tlmi\lm°r 

In Concrete In Lar^e l);im- 

In tin- I nited Slates 



Kv 



W illi mi l.rrrli 



Hi. I MHI R, 






R 



I 



I) 



\ 






rh 



Sc 




onze«l R 

? D r 

( ""•am jza i 






COMMISSION INTERNATIONALE 
DES GRANDS BARRAGES 

de lo Conference Mondiale de I'Energie 



R. 98 



QUESTION N° 23 



SIXIEME CONGRES 

DES GRANDS BARRAGES W ' LERCH 

NEW YORK, 1958 (U. S. A.) 



^PREUVE 
Reproduction interdite 



THE USE OF AIR-ENTRAINING ADMIXTURES 

IN CONCRETE IN LARGE DAMS 
IN THE UNITED STATES (*). 






William LERCH, 

Head, Performance Tests Group, Portland Cement Association, 

Chicago, Illinois. 



Laboratory studies of air-entraining admixtures and air-entrained 
concrete were initiated in the United States about 1937. These early 
studies were directed primarily toward providing concrete for use in 
pavements that would have improved resistance to freezing and thawing 
and resistance to the surface scaling that results from the application 
of salts (sodium chloride and calcium chloride) for the removal of snow 
and ice. A number of experimental road projects were constructed 
using air-entrained concrete during the years io,38 to 1942. Several 
different air-entraining agents were used in these laboratory tests and 
experimental road projects. The results obtained clearly demonstrated 
the superior resistance to freezing and thawing and resistance to surface 
scaling of the air-entrained concrete [1], [2], [3], [4] ('). The use of air- 



(*) V utilisation (('agents entraineurs d'air dans le beton des grands barrages de 
£tats-Unis. 

( x ) Numbers in parentheses refer to the list of references appended to this 
paper. 
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entrained concrete in pavements and structures has increased rapidly 

since 1942. 

As the properties of air-entrained concrete became established by 

laboratory tests and field experience, it became apparent that such 
concrete had many advantages for use in large dams. The first use of 
an air-entraining admixture in a large dam in the United States to 
produce purposeful air-entrained concrete of controlled air content, 
was in Blue Stone Dam, West Virginia, constructed in 1946 to 1947 
by the U. S. Corps of Engineers. It is probable that some dams cons- 
tructed prior to that time did contain a limited quantity of uninten- 
tionally entrained air. The air was incorporated in the concrete, 
unknowingly at the time, through the use of portland cements containing 
oil or grease leaking from the finish grinding mill or through the use 
of admixtures that were incorporated in the concrete mixtures as water- 
reducing agents. 

Laboratory tests and field experience have clearly demonstrated 
that air-entrained concrete has many technical and economical advan- 
tages for use in mass concrete. The use of air-entraining admixtures 
in concrete for large dams has increased rapidly since 1946 and such 
admixtures have been used in all large concrete dams constructed in 
the United States in recent years. The performance of air-entrained 
concrete has fully justified its use. The use of air-entraining admixtures 
improves the workability of concrete and has made it possible to place 
concrete of lower cement content in the construction of large dams. 
The resultant use of lower cement contents decreases the temperature 
rise within the mass. It has brought about changes in the type of 
cement used and in construction procedures. 



AIR-ENTRAINING ADMIXTURES. 



Air-entraining admixtures are materials that incorporate small, 
discrete, stable air bubbles in the concrete during mixing. They are 
used in very small quantities, usually less than o.o5 % by weight of 
the cement. There are a large number of materials that can be used 
as air-entraining admixtures. They include the following general 
types of materials : 

1. Natural wood resins, such as rosin; 

2. Animal or vegetable fats and oils, such as tallow, fish oil, and their 
fatty acids, such as stearic and oleic acid; 

3. Various wetting agents such as alkali salts, of sulfated and sulfo- 
nated organic compounds; 

4. Water-soluble soaps of resin acids and animal and vegetable fatty 
acids. 

The air-entraining admixtures used in the United States are those 
meeting the requirements of the specifications of the American Society 
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for Testing Materials [5J. Some materials that entrain air would not 
produce concrete meeting the requirements of that specification. 

Air-entraining cements are available in most areas of the United 
states and such cements are used extensively in the construction of 
pavements and structures. Air-entraining admixtures are generally 
used, in preference to air-entraining cements, to produce air-entrained 
concrete for large dams. The use of air-entraining admixtures provides 
the best means of controlling the air content for the kind of concrete 
that is used in large dams. 



WORKABILITY, BLEEDING AND SEGREGATION. 



Entrained air greatly improves the workability of the concrete, 
and decreases bleeding and segregation. Because of the improved 
workability it is possible and desirable to reduce the sand eontent of a 
mix in a quantity approximately equal to the volume of entrained 
air. Entrained air provides a means of designing workable concrete 
mixtures of lower water-cement ratio ami lower cement content than 

an he obtained when using the same materials without the entrained 
air. The reduction in cement content provides a definite economical 

d vantage in the construction of large concrete dams. 



STRENGTH. 



The strength of air-entrained concrete (at a constant air content) is 
principally dependent on the water-cement ratio. Thus an air-entrained 
concrete mixture can be designed to provide any desired strength in a 
manner similar to non-air-entrained. For concretes having the same 
cement content, air-entrainment tends to reduce the strength for rich 
mixtures. With lean mixtures, such as those used in lar;. >ncrete 
dams (., sacks/cu. yd. or less), air-entrainment is accompanied by rela- 
tively larger reductions in water requirement and for these mixtures 
the strengths will not be reduced, they may even be increased, b> 'he 
use of air-entrainment. 



RESISTANCE TO ABRASION 



Compressive strength is the most important factor controlling the 
resistance of concrete to abrasion ; the resistance increases as the compres- 
sive strength increases. The air content of the concrete influences its 
resistance to abrasion only insofar as it affects the compressive strength. 
In other words, air-entrained concretes are as resistant to abrasion as 
plain concretes provided they are designed for equal strength [6]. 

R.98. 
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RESISTANCE TO FREEZING AND THAWING. 

Concrete dams are often constructed at high elevations or in northern 
climates where they are exposed to severe weather conditions and 
numerous cycles of freezing and thawing. Previous experience has 
shown that the durability of non-air-entrained concrete dams, parti- 
cularly thin dams such as multiple arches and Ambursen type, can be 
seriously affected by freezing and thawing [7J, [8], [9], [10]. 

Laboratory tests and field exposure studies have shown that a high 
resistance to freezing and thawing cannot be obtained through the 
selection of cement composition or fineness or by cement content or 
slump of non-air-entrained concrete having water-cement ratios encoun- 
tered in present-day practice. High resistance to freezing and thawing 
can be obtained with air-entrained concrete. Extensive studies 
conducted in the Research Laboratories of the Portland Cement Associa- 
tion confirm these points [11], The cements used in one of these studies 
were made at five different plants from clinker which in composition 
represented two of American Society for Testing Materials Type I 
and one each of Types II, III and IV cements. At each plant three 
grinds were made from the same batch of clinker-coarse, medium and 
fine. By proper blending of these grinds, cements having finenesses 
of i 4oo, i 8oo and i 100 sq. cm/g, turbidimeter method, were obtained 
for test. 

These non-air-entraining cements were used in the preparation of 
concretes having cement contents of 4,5 i/i and 7 sk./cu. yd. The 
net water-cement ratio of the concretes ranged from a low of 4.6 to a 
high of 8.8 gal./sk. The Type II cements of each fineness were used 
also with varying additions of an air-entraining admixture to obtain 
air-entrained concretes. Specimens prepared from these concretes 
were subjected to freezing and thawing tests in the laboratory. The 
specimens were cured in a moist atmosphere for 28 days and then 
soaked in water for three days prior to freezing and thus were parti- 
t ularly vulnerable to damage from the freezing of water in the pores. 

The curve in figure 1 is based on data from these freezing and thawing 
tests. It shows that all of the non-air-entrained concretes had low 
resistance to freezing and thawing regardless of composition or fineness 
of the cements or cement content or water-cement ratio of the concretes. 
They all attained an expansion of o. 10 % in 1 10 cycles, or less, of freezing 
and thawing. On the other hand, as the air content of the concrete 
was purposely increased by the use of an air-entraining admixture, 
the resistance to freezing and thawing likewise increased. The 
concretes having air contents of 3.o to Co % had not expanded o. 10 
even after 1 s5o cycles of freezing and thawing. These results clearly 
demonstrate that the air content of the concrete is of far more signi- 
ficance with regard to frost resistance than the fineness or composition 
of the cement. Cements of different composition and fineness were 
used also on experimental pavement projects (3J, [4]. A high resistance 
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to freezing and thawing was not attained with any of the cements in 
non-air-entrained concrete. It was attained only by the use of air- 
entrainment. 

In another series of tests, 27 different cements were used in the prepa- 
ration of box-type specimens 3o inches square, cast in place and filled 
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with sand and water. Six different mixes and two combinations of 
aggregates were used in the construction of the boxes [12]. The benefit 
of air-entrained concrete in resisting severe weathering is clearly shown 
by the performance of these boxes at the Portland Cement Association 
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Naperville, Illinois Test Plot. Figure 2 illustrates the relative perfor- 
mance of boxes made with a Type II cement and an air-entraining 
cement made from the same clinker. Main similar comparisons are 
available on the test plot. Without exception, the boxes made with 
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tration of water into a dam by a factor of several times, by virtue of 
the water capacity of the air voids [13]. 



OPTIMUM AIR CONTENT. 



The optimum air content of the concrete is considered to be that 
minimum air content beyond which further increases in air result in 
only a marginal further improvement in resistance to freezing and 
thawing. This air content is optimum in the sense that it is, in general, 
a balance point between increase in durability and reduction in strength 
and reduction in unit weight. Laboratory tests have shown that the 
optimum air content of concrete can be expressed as the air content 
of the mortar fraction or as the air content of the entire mix. The 
tests have shown that an air content of 9 i % of the mortar fraction 
of the mix (material passing the No. 4 sieve) is the optimum air content 
for concrete regardless of cement content or maximum size of the 
aggregate [14]. When the optimum air content is expressed as the air 
content of the entire mix the required air content will vary depending 
on the maximum size aggregate as shown in Table 1 [15]. 

Tabu I. 

Optimum dr content <>f concretes containing dijft nt 

maximum size aggregate 

Ret "in mended 
Maximum size average total 

of aggregate air confc at 

(in.). ( 

V4 

I . . . . ] 

ii' j • 

2 i 

5 . i . r > 

(i > 



CONTROL OF AIR CONTENT. 



When air-entraining admixtures are used, it is very neces to 

control the air content of the concrete within narrow limits to maintain 
uniform workability, strength and durability. Test for air content of 
the concrete should be made for control purposes during construction. 
The quantity of air-entraining admixture to be used should be adjusted, 
up or down, as required by results of the tests for air content of the 
concrete. 

The pressure method of test [16] is the most suitable method for deter- 
mining the air content of freshly-mixed concrete for large dams. Pres- 
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sure units having a capacity of 2.8 cu. ft. of concrete have been used 
to determine the air content of concrete containing 6-in. maximum 
size aggregates. Such large units are cumbersome to operate. It is 
the usual practice to wet-screen the concrete through a 1 1/2- or 3-in. 
sieve before testing when using concretes containing aggregate having 
a nominal maximum size of 3 in. or larger and then make the test in 
a smaller pressure unit. The wet-screening should be carried out with 
the minimum practicable disturbance of the mortar, no attempt being 
made to brush or wipe adhering mortar from the sieved-out cobbles [17]. 



TEMPERATURE RISE. 

The use of air-entraining admixtures does not have any significant 
effect on the heat of hydration of portland cement per se. However, 
the use of air-entraining admixtures makes it possible to produce 
workable concrete with lower cement contents and the use of lower 
cement contents results in a smaller temperature rise within the mass. 

Figure 3 shows the relative effect of cement type and cement content 
on the temperature rise of concrete cured under adiabatic conditions. 
The temperature rise of the concrete was calculated from heat of hydra- 
tion data using an average value obtained from tests of six moderate heat 
of hydration (Type II) portland cements and four low-heat of hydration 
(Type IN") cement [18]. The neat cement pastes used for the heat 
of hydration tests were stored under conditions to simulate mass curing. 
Following this procedure the specimens were stored at 70 F. for one 
day and at 100 F. until the time of test or for an additional 27 days. 
those used for tests at ages of 90 and 365 days were again stored 
at 70 F. after the 28th day. The heats of hydration were determined 
by the heat of solution method. The temperature rise of the concrete 
was calculated by assuming a water-cement ratio of o.5 by weight and 
ig 0.20 is the specific heat of the cement and aggregate 

The data shown in figure > indicate that both the type of cement 

sed and the cement content of the concrete have a significant effect 

on the temperature rise. Comparing concretes of the same cement 

hi (4 sacks/cu. yd.) the h aperature rise is lest for Type IV cement 

m 1! is for Type II cement. Howe\<-r, for concretes having a cement 

content < I 3 sacks/cu. yd. or less, the temperature rise when using 

rype II cement is substantially less than that for the concrete having 

a cement content 0! ; sacks/cu. yd. of I ype IV cement. The use oi a 

minim u m ment content is one of the most positive and effective 

means of controlling h-mp< itures in mass concrete. 



(IMI.M CONTENT AM; CONSTRUCTION PRACTICJ 

The thermal stresses and cracks in massive nerete, that are caused 
by tempi lure rise and subsequent fall within the mass, are well 
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known. The temperature rise is caused by the heat of hydration of 
the cement. An extensive investigation of cements for use in large 
dams was undertaken prior to the construction of Hoover Dam [19]. 
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These studies led to the development and production of low-heat 
(Type IV) portland cement for use in large dams. The first use of 
low-heat cement in the United States was in Morris Dam (originally 
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Pine Canyon), California, constructed in 1932- 1933 by the Pasadena 
Water Department. A number of large dams was then constructed 
using low-heat cement, notably Hoover Dam, Shasta Dam and part of 
Grand Coulee. Concretes having a cement content of about 4 sacks cu.yd 
were used in the construction. Even with the use of low-heat cement 
the amount of heat generated by the cement was so great that the 
embedded pipe method of cooling was used to keep the temperature 
rise in the mass at safe levels. 

The use of air-entraining admixtures has contributed to the use of 
concretes of lower cement content. In that part of Blue Stone Dam 
that was constructed using an air-entraining admixture, a cement 
content of 3 sacks/cu. yd. was used. In later construction, concretes 
of even lower cement contents have been used for the interior mass. 
Even with air-entrained concrete, cement contents of about 4 sacks/cu. yd. 
are normally used for the exposed surface. In the construction of 
Pine Flat Dam, the use of an air-entraining admixture made it possible 
to use a cement content of 2 1/4 sacks/cu. yd. and for some part of the 
construction a cement content as low as 2 sacks/cu. yd. was used. To 
obtain these low cement contents it is necessary, also, to use a low sand 
factor and to maintain uniformly well-graded aggregates. 

With the low cement contents that can be obtained with air-entraining 
admixtures, the heat of hydration of the cement becomes of less signi- 
ficance {fig. 3), and precooling becomes feasible in place of cooling by 
embedded pipes in large structures. The use of low-heat (Type IV) 
Portland cement has been discontinued in the United States and mode- 
rate heat of hydration (Type II) cement is being used. The tempe- 
rature rise in the mass is usually considered to be within safe limits 
without the use of embedded cooling coils if the concrete is precooled 
prior to placement. For precooled concrete, lift heights greater than 
the usual 5 ft. become feasible because cooling from exposed surfaces 
between lifts is of little consequence to subsequent temperatures. 
Lift height of 7 1/2 ft. were used on Table Rock Dam, Missouri, cons- 
tructed by the U. S. Corps of Engineers, ig55 to 1958, with air-entrained 
concrete precooled to a maximum placement temperature of 5o F. 
The higher early strength of the Type II cement has a further advantage 
with respect to removal of forms when using concretes of very low cement 
content. 

The use of air-entraining admixtures provides considerable econo- 
mical advantage in the construction of large concrete dams through 
the use ol lower cement contents and accompanying changes in cons- 
truction practices. 
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SUMMARY. 

Laboratory studies of air-entraining admixtures and air-entrained 
concrete were initiated in the United States about 1937. As the pro- 
perties of air-entrained concrete became established, it was apparent 
that such concrete had many technical and economical advantages for 
use in large dams. The first use of an air-entraining admixture in a 
large dam in the United States, to produce purposeful air-entrained 
concrete of controlled air content, was in 1 946. The use of air-entraining 
admixtures has increased rapidly since that time and such admixtures 
have been used in all large concrete dams constructed in the United 
States in recent years. The performance of air-entrained concrete has 
fully justified its use. The use of air- en training admixtures improves 
the workability of concrete and has made it possible to place concretes 
of lower cement content in the construction of large dams. The resul- 
tant use of lower cement contents decreases the temperature rise within 
the mass and has likewise brought about some change in the type of 
cement used in the construction ol large dams in the United States. 

The paper discusses the technical and economical aspects of the use 
of air-entraining admixtures in large concrete dams. 

r£sum£. 

Des essais en laboratoire ayant pour but de determiner les proprietes 
et le role des agents dispersifs a entrainement d'air et du beton a Pair 
occlus ont ete effectues aux Etats-Unis depuis 1937. Lorsque les pro- 
pri6te*s des batons acres furent deTmies, il devint Evident que ce beton 
pre"sentait beaucoup d'avantages pour son emploi dans les grands 
barrages. L'addition des agents aCrateurs fut utilises pour la premiere 
fois aux Etats-Unis en 1946, lors de la construction d'un grand barrage 
afin de produire un beton ayant une teneur d'air entraine bien controlee. 
L'emploi des melanges aerateurs s'est augments depuis cette date et 
ces produits sont utilises dans tous les grands barrages executes recem- 
ment aux £tats-Unis. Le comportement du beton avec addition d agents 
entraineurs d'air a justific son emploi. L'utilisation de ces agents 
aerateurs conduit a une amelioration de la maniabiliU (workability) 
du bet. , et a rendu possible l'emploi de beton de mettre a plus faible 
teneur en cinient pour la construction de grands barrages. II resulte 
'le l'emploi de batons a faibles teneur en ciment un abaissement de la 
temperature a I'interieur du massif et cela a conduit * des modifications 
dans les types de cirnents employes dans la construction des rands 
barrages aux Etats-Unis. 

La presente commun ttion est une analyse des asp,< ts techniques 
et econormques de l'emploi des agents aerateurs dans les grands barrages 
en belon. b 

Lvtrait du Sixieme Congres des Grands Barragt 

New York, 1958. 
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